PATENT COOPERATION TREATY 



From th« 



INTERNATIONAL PRELI MINARY EXAMINING AUTHO^ v 20.JUL.199 jLj^ J 5 ^ 



Harrison Gbddard Foot* 
B.lnont Kouso, 20 Wood On. 
U«ds LS6 2AE 
GRANDE BUETAGNB 



Appileiiu'i or itinrt flit nftnm 

JHC/P4Q458WQ 
InarnatioMl tppiieuion No. 
PCT/US 9S/ 045 13 

AppiiCMC 



^5n«£ n S N 0F TRANSMITTAL OP 
INT6 . R V N ATI0NAL PRELIMINARY 
EXAMINATION REPORT 



(PC? RuU 71.1) 



IMPORTANT NOTIPICATION 



M /W/1W8 I 07/03/1997 



WILLIAM KA88H RICE WIVmTTT , t al . 



1 ^s^r m> 



I la 



if «ny. It btioi trwiwiK* « th, taurnniomi Burn*, for 



commumuiaB la «U Um 



3 - »«7&W^^^ 



smsUuan a/ tht report (but 



! 4 ftrur 



Tbt Apptom mute <nt«r tbt Attirai pbu w«. .u^, ~~ , 

P*ywi rnuoaai tail wftfca JO mtmhi ifrom iL^II^!^ °f n * Pwtefmini atrtim ami /mint 



remind* 



m* rVaiih nob MMiui*. <l~ct*T^kK ttS? £SS££F " * *" rwpo**.U«y to p?Jpu 



«*• Ofltefc ao Volume II of *, PCT Applittiu'l 



PATENT C OPERATION TREATY 

PCT 

INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



Applicant'! or kvu'i fit* referenda 


1* niHw Via KUJV 70j 


JHC/P4Q4SdW0 


fOR fURTHEB ACTION & N 0, *»dw» »' Tf *ni miul of ltttctn«l»iuj 

Pwbnuiwrir Exwwufion Report (Form PCT/tPEA/AU) 


(nttmnjoful ipplicauon No. 

PCT/ US 98/ 04513 
TnEnSoH Patent ClWieitfon (!?€) ~ 


mini JXfiZZSfiS] | P?i8my ^ JZ^J^] — 

0 «/°3/"»8 . 1 07/03/1997 




C01J31/02 


WILLIAM MARSH XICi UNIVERSITY »t al. 





ThutmwMtcootiitgofacttmof 1^ ,w. 



which haw 



Thii 



I 2] Bui«oSti»npgri 

«Q Priori* 

«!□ N oo^iibli«hn* tt f opto* wnh r^rd co *miiy. iav«tm tap ^ whttWit> 

IV gj Uck of unity offattMfea 




in the taternaooaaJ apptiet4on 

on *t imvwtaa. appuoatta 



05/10/1998 


D«t o/ compXooa of urn report - 

2 Q. 07. 99 


European Puent Ottm 
AM O-WWI Munich 

Form PCT,'f (com jneet) (luiy I Wl) /IM 


Authored aflkej 

Ttitphont no Ptttr Lasniak 



INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



'ntwntttoiul ipplication No. 
PCT/US98A34513 



I. B«ii»ofthtrtport 



rtcmving Ortco it) ro$pon$o to in 
not MX* to ft* npo.1 t(fK9 ^syoMxnot contmm 



□ tht iftt^n*«onil «ppitoatfcti tt originally ffltd 



GO tot dotertptiofi, ptQtt 



, Not. 
Not. 

Not. 



1-81 



M82 



1/(19. 
l/fig. 

□ thtdtterfptefi.ptQt* 
Q mtdtjmt, No* 

□ ^*twtngi,ahta<»/lg. 



1/21-21/21 



«t oriQifwfytod 

. tt ortginiAy AJ** 

. ttam*tfttfundtr*ti<* to 



.wtdwtontitittrof 

, tt ongmtly tdad 
,ntdw«hth« (ternary 
,*tdwi*thtft«wcrf 



14.5.1999 



3. □ Thujr^fit«bwttB6liht4Uif(torM 
btyond 9» ditcttturt tt Std (Ruit 702 (o». 



«m«*ntiUt ted not tain mat*, met toy hav« bam eonaldtf «d tt t 



4. Adtfttoria.obMvtilpni i {fn M tt« wy ; 



^ PCtttfAMOtwr (to o i^*-y i 8*) m« 1 



INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



initrnational ippffcotion No. 
PCTAJS9e/D4513 



IV. 



L»c* of unity of invention 



,n ;M ^ W » Wti«o« (Form PCT/IPfA/401) lo roottet or poy t**tion«j 

□ rastnetodtodiimo. 
tXJ poJdodoifenojro«. 

□ poidoo^najfcMundv profit 

□ ndtfv r«WctOd not pud «tttfonoi f Mt 



ftMth««ppiieamhttf. 



1 ° ^-^^-^^^^^ u ^^^^^^«nd^. 
tnt toptfovtt to rtstrret or p«y adttbonai (mi. 



*ccordinQ to flblo 61. 1 , not to invito 



3 ThU Aumorliy oonoidoro that m« t*wt*mmt of unrty of m 

□ eompiodwfth. 

□ notoanpfctiwOnfer tfwfoflowfeg 



w»m Rub* tJ.1,!34«fio:i3 3io 



4. Contioutofly, mo tetfowing p*rtt of tho JmorntfeftoJ apptictflof 
ropcrt 

u «if poitr 

□ *w port* rotting to ettm* No* 



tho oubjoot of (niomo*o/i« proUnwory oxammiffon in ostabJitfttng ft* 



*CWtAr*30 IV) (jMuvy 1104) ^ 1 



INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



■flfrmtUortil ippilo.Oon No. 
PCTAJS98/04513 



i. SUfentnt 

Nov^ty 



rndUitrWAppfleataaiy 



Ctftiffit 

CUfmi 

Claima 
CisUmt 



t'17 t 18-105 ( 107 f 11Ml6.ilM62 
106.108 

1 -1 7,24-30,31 ^62,81 -1 OS, 1 1 1 1 1 6, 14M $6 

li-23,63-71 ,72-80.107,109.110.117.140 
157-162 

M62 



rffs 

NO 
Y56 
NO 

V5S 
NO 



IlVl 0 ? TH" (0) referr9d 10 in th,s ^'"""'catfon; me numbering wiil be 
adhered to in the rest of the procedure: 



0, 
0,- 

D 4 « 



0 4 . 

0,- 

D 7 = 

D,. 



0. 



Chemical Abstract* vol. 125 No. 16, 14 October 1996 

AN 125:210949, XP002070313 

Advanced Materials vol. 7 No. 3 March 1 995. pp 275-276 

Hiuraetal 

Electrochemical Society Proceedings vol. 96. no. 

Quo it ai. pages 636-647 

Science of Fullerenes and Carbon Nanotubes 

M.S. Oresseihaus. G. Oresselhaus. P.C. Eklund, 1995 

pages 765 and following: 

WO96/180S9 

EP-A-591 596 

WO96/38705 

Chemical physics letters 260 (1996) 471-475 
"Single-wall nanotubes produced by metal-catalyzed 
disproportionatlon of carbon monoxide" 
Applied physics letters 71 (18) 3 November 1997 
"Length control of Individual'carbon nanotubes by 
nanostructuring with a scanning tunneling microscope". 



hem KimtMOt (to VI Ummi \m)*m% 



MciKHiN J J lit, :-:-44:o 



INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



IrtttrnatfontJ appUetrton ! 
PCT/U698/04S13 



VI. Carta* documarita citad 



1 Car tain putfithad dooumanta ( Ru« 7q, 10) 

Appiioatenno. 
EatantNc. 

WO 96/05920 

US 56981 75 
WO 97/09275 



Pubtfcafiofida* 

12.02.98 

16.12.97 
13.03.97 



08.08.87 

03.07.95 
06.09.96 



Priority data 
claim) 
/dayftwrtflifr»«? 

08.08.96 



05.07.94 

08.09.95 
08.05.96 
26,07.96 



2. Non-writta* (aacteauraa 



K)nd of notvwrfttan dfaotoaum 



Data* 



Data of writtan disetoauro rafering to 
lorvwriflan cffacfoaur a 



torn PCT4MAM0I 0« vn (JMytf? ^ *** 1 



INTERNATIONAL PRELIMINARY EXAMINATION REPORT 



intimation* tppiiuOoo No. 
PCTA/$sa/04513 



Group A 



Claims hlZ 

1 . The mam argument of the app|lcam , 8 ^ what ^ estabj|8he<j ^ M WNJ j$ ^ nece 
valid for SWNT, This is certainly correct but would remain a purely theoretical argument if 
no further elements of comparison were given. The applicant states mat single wall 
nanotubes are fundamentally different from multi-wall nantubes. The single wail tubes are 
individual molecules, whereas the multlwall tubes are basically a cylindrical form of 
graphite. The single-wail tubes have remarkable mechanical, electrical and thermal 
characteristics because they are essentially perfect molecules. The mufti-wall tubes are 
characterized by a much higher density of crystalline defects, which cnanges their physical 
properties in fundamental ways; 

2. The argument under 1 hereinbefore oan be accepted. 

3. It is unclear whether O t relatee to MWNT or to SWNT. Nevertheless, the applicant must get 
the benefit of the doubt. As far as D a is concerned, it can be reasonably accepted that it 
probably relates to MWNT (see p 275 left column lines 3-4 and p 276 left column, ast §). 

Therefore, the applicant's argumentation towards. claims M7 is accepted and claims 107 
regarded as being novel and inventive over the available prior art documents. 

Claims 



(a) The arguments of the applicant are rejected since 

(1 ) it is not correct to state that claims 63-88 are directed to 'purified SWNT" (see 
page 2 of the applicant's letter). They merely refer to 'a composition of matter' 
which could for instance be In an as-synthesized state. 

(2) Neither does said claims indicate whether said "composition of matter" is macro- 
scopic or microscopic*. 

Therefore, the original objection (4-8) is maintained: 
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(b) The term "composition of matter" is unclear. Here, it is interpreted as meanina "a 
ceous material'. a 



carbona- 



(c) The wording of claim 63 is extremely broad, so that it is felt that any bundle of SWNT 
anticipates claim 63. Such bundles are for instance to be seen on page 646 of 0 3 but aiso 
on page 767 of D 4 (see comment on page 765 2nd paragraph). 

The same arguments are brought forward vis-a-vis of claims 64-66. 87-71 . 
Therefore claims 63-71 are regarded as lacking an inventive step. 
Claims 79.ftn 

• Claim 72 is unclear since It now states that n is from "0 to 30' but at the same time requires 
that the tubular carbon molecules contains at least one of R, R\ R*. r', r* r* therefore 
necessitating n to be >0. 

it is suggested to limit n to values 1-30. 

The following comments are made supposing this suggestion Is followed 

According to the applicant, 0, does not relate to SWNT (see page 7. lines 33-35 of 05) 
fufictionaiized In a variety ©f ways. 

Nevertheless, the SWNT of 0 4 (see pages 758; 770, 2nd paragraph and Fig. 19.10(c) on 
page 772) can readily be derivatized. i.e. functlonallzed by tallowing the teaching of D, (see 
tor instance 0 s 's general statement on page 1 lines 1-14). 

D 4 also discloses filled nanotubes (see page 858). 

Since none of claims 72-80 contain any quantitative information on the degree of 
derealization, it is considered that they lack an inventive step over 0 4 combined with D,. 
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Claims 106.11ft ... 

Endohedraliy-loaded tubular carbon molecules are known for Instance from " 
D 4 (see 3.d herein above). 

D 4 also discloses (see chapter 20) many possible applications. 

• 0 8 teaches that endohedrally. doped fullerenes can be used as memory bit. 
(Compare with present application, page 51, lines 4-8). 

. the endohedrally loaded nanotubes of D 4 can be for instance loaded with -compounds of 
Qd, Yt, Mn". (see page 859, 2nd paragraph). 

. Since the wording of claim. 1 00 does not specify any kind of endohedral specie! it is 
considered that It is anticipated by D 4 . * 

The same conclusion Is valid for claim 1 08. 

. 0 4 does not explicitly recite or support C M or C* a possible endohedral species (as in 
present claim 107). but it ie considered to be within the reach of the skilled practitioner 
knowing 0 4 and 0, to extend said teaching so as to obtain a SWNT with C M or C n as 
endohedral species. 

Consequently claim 107 is regerded as lacking an inventive step. 
The same conclusion is made for claims 109-1 10. 



Claims 117.140 

• D, discloses on page 12 lines 8-17 carbon fibrils, ie nanotubes (see page 1 1 lines 7-30) 
which can be "incorporated in a matrix", • thematrix preferably being an organic polymer, 
eg a thermoset resin such as epoxy, blsmsleimide, polyamide; a thermoplastic resin; a 
metal or a ceramic material. 



According to the applicant, 0 S merely relates to MWNT. 
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. it has been noted that the applicant's argumentation relates to the fact that processes 
which are valid for MWNT are not necessarily effective for SWNT. Nevertheless this 
argument oan>t be successful here because claim 1 1 7 does not recite any technical 
charactenetio of the composite material, so that what should have been dsmonstrated is 
thai by using the technic of D, with SWNT, no compoeite aim can be obtained. 

Nevertheless, the examiner opines that this is very unlikely to be the case, so that 
claim 11 7 is regarded as lacking in inventive step. 

The same conclusion applies to claims 1 18-124, 1 31. 

Claims 125-130 and 132-140 are regarded as lacking an inventive step since it cannot be 
seen what technical problem a man skilled In the art knowing D, would have had to solve 
inventively to come to the preferred embodiments of claims 125-1 30. 

Claims 141-1M 



An objection was raised on the base of 0 8 . 

Nevertheless, the applicant considers that D, deals with multiwall nanctubes laden with 
crystal defects, which is not predictive of the behaviour of the SWNT in claims 141-152. 

The argument is here accepted. 

Therefore claims 141-152 are regarded as being novel and inventive over the available 
prior art. 



Claims 153.1S6 

As far as claims 153-156 are concerned, it appears that none of the available prior art 
litereture suggest or discloses an antenna such as that ciaimed by present clsim 153. 

D 4f chapter 20. teaches that a polymeric -0* heterojunctlon is expected to exhibit a 
photovoltaic response (page 881). D 4 also giv s on figure 20.2 (page 903) a schematic 
presentation of several proposed electronic device applications for carbon nantuhA* 
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Nevertheless, no-explicit mention that a current could be generated through photo 
conductivity of such a tube is suggested or disclosed. 



Therefore, claims 1 53- 1 56 are both novel and inventive. 
Claims 1S7-1A9 

Considering D 4 page 903 fig. 20.2 as well as page 904 and D>, »or instance claims 36, 41 , 
45, 50, 53-55 etc... it cannot be seen what technical problem the skilled practitioner had to 
solve - in an inventive manner - to come to the embodiments of present claims 1 57-1 62. 

Therefore these are considered as not being Inventive. 

Qroup B: Claims lfl-?q 

Claim 18 

. It is not clear whether by 'said molecules having substantia^ equal lengths' is meant that 
these molecules merely should have any length within the range 5-500 nm or whether an 
average length within said range Is meant. 

D, discloses on page 473 right column first two lines. SWNT having a length ranging from 
100 nm up to several microns. 

At lekjone cutting technique is known from D t . 

Process step c) merely refers to an isolation procedure which is not precisely disclosed. 

Therefore, the isolation - purification procedures known in the art (see D„ D„ D 4 ) are 

encompassed by said process step, which therefore cannot be regarded as being inven- 
tive. 

Therefore, claim 18 is felt to lack an inventive step. 

- Claims 1 9*23 relate to a preferred cutting method comprising using a "high energy beam of 
high mass ions". 

- D, describes a cutting method comprising injecting eJatfEfiQs. into the nanotubes at 'a 
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relatively high voltage" (page 2631 right column, paragraph before last). 



- Therefore claims 1 9-23 are novel over the available prior art literature. 



• Nevertheless it cannot be seen to what specific advantage, or to what unexpected effect, 
the use of high mass ions instead of electrons leads to. Why would the skilled practitioner 
knowing D, not be inclined to try cutting nanotubes with projectiles other than electrons? 

Therefore it is considered that the use of a "high energy beam of high mass ions" is a 
technically equivalent mean for cutting nanotubes. 

Therefore, claims 1 9-23 lack an inventive step. 

• Claims 24-25 relate to another cutting method, comprising sonicating with acoustic energy 
a suspension of SWNT in a medium. 

Since none of the doouments cited in the search report mention or suggest that nanotubes 
could be cut by using sonicatlon (as described on page 26 lines 23 • page 27 line 19) 
present claims 24*25 are regarded as being novel and Inventive. 

• None of the available prior art documents suggest that SWNT can be cut oy refluxing the 
same in concentrated H NO^ 

Therefore claims 28*30 are considered as being inventive. 
QfOUP £ Clalma 31*62. ALIOS. 111*116 
- 0 5 appears to be the moat relevant prior art document. 

• None of the documents of the I.S.fl. disclose or suggest methods for forming a macro- 
scopic molecular array of tubular carbon molecules 

• Therefore present claims 31-62 must be considered as novel and inventive over said 
documents. 
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- Moreover, the macroscopic molecular array of independent claim 81 as well as the product 
of claim 91 are neither disclosed nor suggested by the available prior an literature. 



Therefore, claims 81-105 are both novel and inventive; the same conclusion applies to 
claims 111-116. 
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(Maim : 

X, A method for purifying a mixture comprising single-wall carbon 
^ and .morpheas carton contaminate, said method comprising <hc steps 

(a) heating said mixture under oxidfcing conditions suffice* to 

remove the slid amorphous carbon and 
<b) recovering a product comprising at least about 80% by weight of 

single- wall carbon nanotubea. 

2. The method of claim 1 wherein Mid oxidizing conditions comprise 
aa aqueous solution of an inorganic oxidant . 

3. The method of claim 2 wherein said inorganic oxidant is selected 
from the group consisting of tunic add. a mixture of sulfuric acid and hydrogen 
peroxide, potassium permanganate and mixtures thereof. 

l5 4. Themelhodofclato2wheTetasajdM^ 

reflux. 

5. The method of claim 2 additionally comprising the step oi 
subjecting the oxidi»d product of step (b) to a saponification treatment. 

< -n.. «.*a«4 a f claim 3 wherein said saponiflcauon treatment 
20 comprises contacting isid product with t basic soiution. 

7. The method of a claim 6 wherein said basic solution comprises 

sodium hydroxide. 

8, The method of claim 6 additionally comprising the step of 

neutralizing the saponified product with an acid. 
M 9 The meuTod of claim 8 wherein said acid is hydrochloric acid. 

,0. The method of claim 8 additionally comprising the step jjf 
recovering a solid product from the saponified, neutralized product. 

t i The method of claim 10 wherein said product is recovered by a 
method Elected from the group consisting of nitration, senhng by gm.ty. 
30 chemical flocculators, and liquid cycloning. 
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1 2 The method of claim 1 0 wherein said solid product is a paper-like 
two dimensional product 

13. The method of claim 1 2 additionally comprising the step of drying 
the product. 

* U. The method of claim 13 wherein said product is dned at .bout 

830* C in a hydrogen gas atmosphere. 

1 5. The method of claim 1 wherein said product comprises at least 
about 90% by weight of single-wall carbon nanotubes. 

16. The method of claim i wherein said product comprises at least 
1 0 about 9SV. by weight of single-wall carbon nanotubes. ' 

17. The method of claim 1 wherein said product comprises at least 
about 99% by weight of single-wall carbon nanotubas. 

18- A method for producing rubujar carbon molecules of about 5 to 50o 
am in length, said method comprising the steps of: 
15 (a) pwvidkg a single-wall carbon aanotube^ootaining materiai; 

(b) cutting single-wall nanotubes in said jingle-waii nanotube 
eontaioing-matarial to fcrra a mixture of tubular carbon molecules 
having lengtha in the range of 5-500 nm; 

(c) isolating from said mixture of tubular carbon molecules i fraction 
20 ofaidmelseuJes having suhtoially equal lengths. 

19. The method of claim 1 8 wherein said cutting single-wail nanotubes 
into tubular carbon molecule* comprising the steps of: 

(») forming a substantially two-dimensional target containing single- 
wall nanotubes of lengths up to about one micron or more, and 
25 (b) irradiating said target with a high energy beam of high mass ions. 

20. The method of claim 19 wherein a nigh energy beam is produced 
in e cyclotron and has an energy of fiom about 0. 1 to about 10 GeV. 

21- The method of claim 19 wherein said high mass ion has a mass of 
greater than about 150 AMU. 
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22. The method of claim 21 wherein said high mas« »on is selected from 
the group conaisting of gold, bismuth and uranium. 

23. The method of date of 22 wherein the high mass ion ii Au'" 

5 24. The method of claim 1 8 wherein said cutting single-well nanotubes 

into tubular carbon molecules comprises the steps of: 

(i) forming a suspension of single-will nanotubes in a medium; 
(b) sonicating said suspension with acousuc energy. 

25. The method of claim 24 wherein said acoustic energy is produced 
1 0 by a device operating at 40 KHi and having an output of 20 W. 

26. The method of claim 18 wherein said cutting tingle-wail nanotubes 
into tubular carbon molecules comprises refluxing single wall carbon nanotube 
containing material in con c entra t ed HNO,. 

27. The method of claim 10 further comprising the step of heating the 
1 5 tubular carbon molecules to form ft hemispheric fuilerene cap on at least one end 

thereof 

• 21. The method of claim 18 further comprising the step of reacting said 
tubular carbon molecules with a material which provides at the reaction condhions 
at icaat ©se Nfaaftuat sr. si least one of said ends of said tubular carbon molecule. 

20 29. The method of claim 26 further comprialng the step of reacting raid 

tubular carbon molecules with a materiel which provides at the reaction conditions 
at least one subetituent on at least one of said enda of said tubular carbon molecule. 

30. The method of claim 28 or 29 wherein said substitueni »s selected 
from the group contifuag of each may be independently selected from the group 

25 consisting of hydrogen; elkyl, acyl, uyl, aralkyl. halogen; substituted or 
unsubstiruted thiol; unsubstituted or subetituted amino; hydroxy, and OR' wherein 
R- is selected from the group consisting of hydrogen, elkyl, acyl. aiyl 
unsubstituted or lubeututed amino; subaututed or unsubetituted thiol; and halogen; 
and a llneer or cyclic carbon chain optionally interrupted with one <w more 
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heteroatom, and optionally substituted with one or more -0. or -S, hydroxy, in 
aminoalkyl group, an amino acid, or a peptide of 2-8 amino acid*. 

31. A method for forming a macroscopic molecular amy of tubular 
carbon molecules, said method comprising the steps of: 

5 (a) providing at leeat about 10* tubular carbon molecule* of 

subitantiaily similar length in the range of 50 to 500 nm; 
(b) introducing a Unking moiety onto at least one end of said tubular 

carbon molecules; - 
(e) providing a substrate coated with a materia! to wKich said linking 
10 moiety will attach; and 

(d) contecting said tubular carbon moleculet containing a linking 

moiety with said substrate. 

32. The method of claim 3 1 wherein said substrate is selected from the 
group consisting of gold, mercury sndindiunhtin-oxido. 

j 5 33. The method of claim 32 wherein said linking moiety « selected 

from the group consisting of*. -KCH0.-NH-, and -SiO^CH^NH.. 

34. A method for forming a macroscopic molecular array of tubular 
carbon molecules, said method comprising the rteps of: 

(a) providing a nanoacale array of microwells on e substrate, 
20 (b) depositing a metal catalyst in etch of saia microwells; and 

(e) directing a stream of hydrocarbon or CO feedstock gas at said 
substrate under condition! that effect growth of nngle-wall carbon 
nanotubes from each mierowel). 

35. The method of claim 34 flirther comprising the step of applying an 
2$ electric field in the vicinity of said substrate to assist in the alignment of said 

nanotubes growing from said microwells. 

36. a method for forming a macroscopic molecular amy of tubular 
carbon molecules, said method comprising the steps of: 

(a) providing surface containing purified but entangled and relatively 
30 endless lingie-wall earbon nenotube material; 
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(b) subjecting said surface to oxidizing conditions sufficient to cause 
short lengths of broken nanotube* to protrude up from said surface: 
and 

(c) applying an electric field to acid surface to cause said nanotube* 
5 protruding from said surface to align in an orientation generally 

perpendicular to said surface and coalesce into an array by van der 
Weals interaction forces. 
J7. The method of claim 36 wherein saidoxidiang condition! comprise 
heating said surface to about 500'C In an atmosphere of oxygen and CO,, 
i 0 38. A method of forming a macroscopic molecular array of tubular 

earbuti u^levuiu, said method comprising^ «"P nf MisaWing subarrays of up 
tu 10 4 single-wall carbon naootubes into a eompoaite array. 

39. The method of claim 38 wherein all the subarrays have the same 
rypeofnanocubea. 

l5 40. The method of claim 38 wherein the luborrmys have different typei 

ofnanombes. 

41. The method of claim 38 wherein the suberray* are made accordinj 
w the method of any of claima 31 , 34 or 36. 

42 A method for wofrueuaiy growing ssifirescapic carbon fiber 
20 comprising at least about 10* single-wall nahotubea in generally parallel 
orientation, said method comprising the steps of: 

(a) providing a macroscopic molecular array of at least about 10* 
tubular carbon moleculea in generally parallel orientation and 
having substantially similar lengths in the range of from about 50 

25 to about 500 nanometers; 

(b) .removing the hemispheric fulterene cap trom the upper ends of the 
.tubular carbon molecules in said amy; 

( 6 ) contacting saw upper ends of the tubular carbon molecules in said 
orray with at laaat one catalytic metal; 



AMENDED SHEET 



i * «e 99 i o • * 9 



TO Qi I 44 ! I 32334">02 js . i 2 



87 

(<tt supplying a gaseous source of carbon to (be end of *ud array *hil< 
applying localised energy to the end of said array to heat said end 
to a temperature in the range of about 500* C to about » 300° C; and 
(e) continuously recovering the growing carbon fiber, 
j 43. The method of claim 42 wherein said fuilcrcne caps are removed by 

heating in an oxidative environment 

44. The method of claim 43 wherein aeid oxidetive environment 
comprises equeoue etching with nitric acid or gaa phaie etching at temperatures of 
about SOC'C in an atmosphere of oxygon and CO,. 
10 43 The method of claim 42 wherein said catalytic meal is selected 

from the group constating of Oroup V1U transition metals, Group Vt transition 
metals, metals of the lanthanidc scries, metals or the actinide series, and mixtures 
thereof. 

46. The method of claim 43 wherein aeid catalytic metal is .selected 
15 from the group consisting of Fe, Co, Ni, Ru, Rh, Pd, Oa, Ir and Pt. 

47. The method of claim 46 wherein said catalytic metal is selected 
from the group consisting of Fe, Ni, end Co, end mixtures thereof. 

48. Tho method of claim 43 whemn said catalytic metal is selected 
from the group consisting of Cr. Mo, and W. 

20 49. The method of claim 42 wherein said catalytic metal is deposited 

in situ on each nanotube as a metal atom cluster. 

50. The method of claim 49 wherein aaid metal atom cluster has from 
about 10 to about 200 metal stoma. 

51. The method of claim 42 wherein said catalytic metal is deposited 

25 as preformed nanoparticlee. 

32.. The method of claim 5 1 wherein said catalytic metal is Mo. 

53. The method of claim 42 wherein said catalytic metal is deposited 
in the form of a metal precursor selected from the group consisting of salts, oxides 
and complexes of said metal. 
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54. The method of claim 42 wherein said catalytic metal ii deposited 
by evaporating meal atoms and allowing them to condense and coalesce on said 

open nasotubc ends. 

35. The method of elaim 3* wherein said evaporation is effected by 
5 heeling a wire or wires containing said catalytic metal. 

56. The method of claim 54 wherein said evaporation is sffected by 
molecular beam evaporation. 

37. The method of claim 42 wherein gaseous source of carbon is 
selected from the group consisting of hydrocarbons and carbon monoxide. 
jO 58. The method of claim 57 wherein said hydrocarbon is selected from 

the group consisting of alkyls, acyls, aryls and arelkyl having. I to 7 carbon atoms. 

59. The method of claim 38 wherein said hydrocarbon is methane, 
ethane, ethylene, acetylene, acetone, propane, propylene an* mixtures thereof. 

60. The meth<>d of claim 42 whereto eu^^ 

IS by a laser beam. 

61. The method of claim 42 wherein said localized energy is provided 
by e source selected from the group consisting of a microwave generator, ar R-r 

coil and a solar concentrator. 

62. The method of claim 42 wherein said end is heated to a ttmperaruit 

20 in the range of about 900 ( C to about 1 1 OO'C. 

63. A composition of matter comprising at least about 80% by weight 

of single- wall carbon nanotubes, 

64. The composition of claim 63 comprising at least about 90% by 

weight of 3 ingle* well carbon nanotuboe. 
25 65. The composition of claim 63 comprising at least about 95% by 

weight of single-wail carbon nanotubes. 

66. The composition of claim. 63 comprising at least about 99% by 
weight of single-wall carbon molecules. 

* 67. A felt comprising at least about 80% by weight of single-wall 

30 carbon nanotubes. 
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68. The felt of claim 67 comprising at tell about 90% by weight of 

single-well tunotubei. 

69. The Ml of claim 67 compriiing at least about 95% by weight of 

suigie-wiii naaotubas. 
5 70. The felt of claim 67 compriiing ax leaat about 99% by weight of 

single-will nanotubea. 

7\. The fell of claim 67 in the form of a paper-like material. 
72. A tubular carbon molecule having the following structure: 



10 




13 




tn 



whera 



20 



is a substantially defect-free 
cylindrical graphene sheet 
(optionally doped with noncarbon 
atoms) having from about 10 1 to 10* 
carbon atomi; 



25 



where 




ia i hemiepheric fullerene cap 
having at least six pentagons and the 
remaiodex hexagons; 



30 



is a number from 0 to 30: and 
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R, R\ R 1 , R\ R'. and R* each may be independently selected from 

the group consiaong of hydrojen; alkyl. 
acyl, aryL amlkyl, halogen; substituted or 
unwbninnd thiol; uiaubidtuted or 
substituted amine; hydroxy, and OR' 
wherein R' is selected from the group 
consisting of hydrogen, alkyl, acyl. uryi 
aralkyl, unsubstituisd or substituted amino, 
subetiruted or uaiubadtuted thiol; and 
halogen; and a linear or cyclic carbon chain 
optionally interrupted with one or more 
hetcrostoo. and optionally substituted with 
one or more -0, or =S- hydroxy, an 
aminoalkyl group, an amino acid, or a 
peptide of 2»8 amino acide, 
wherin the tubular carbon molecule contains 
etleaKoneofR.R'.R'.R'.a'.orR 1 

73. The molecule of claim 72 wherein said grapheae sheet haa a 
configuration ths eoweenandi to a (tut) angle* wall carbon oanotube 

74. The molecule of claim 72 wherein laid caoleeule has a length torn 

about 5 to about 1000 am. 

75. The molecule of claim 74 wherein said molecule has a length of 

from about 5 to about 500 am. 

76. The molecule of claim 72 wherein n is 0 to 12. 

77. The molecule of claim 72 ftjrther comprising at least on; cndohmirai 

species. 

78. The molecule of claim 77 wherein said cndohedrcl species is 
selected from the group consisting of metal atoms, fullcrene molecules, other small 
molecules end mixture thereof. 
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79. The molecule of claim 78 comprising & (10.1 0) single- wall nanotube 
containing at lut one endohedml species selected from the group consiidng of C„. 

Cm, or mixtures thereof 

80. The molecule of claim 79 wherein said C* or C additionally 
contains an •ndohedral substituent selected from the group consisting of mstai 
atoms and metal compounds.- - 

81. A macroscopic molecular axiay comprising at least about 10* single- 
wall carbon nanotubes in generally parallel orientation and having substantially 
similar lengths in the range of from about 5 to about 500 nanometers. 

82. The amy of claim 8 1 wherein said nanotubes are of the same type. 

83 . The amy of claim 82 wherein said nanotubes are ol the (n.n) type. 

84. The array of claim 83 wherein said nanotubes are of the (10.10) 

typ*. 

85. The array of claim 83 wherein said nanotubes are of the {m,n) type 

86. The amy of claim 81 wherein said nanotubes are of different types. 
g7. The orrsy of claim 8 1 Anther comprising a substfttt aoaehed to one 

end of said amy and oriented subetanutlly perpendicularly to the nanotubes in »id 
amy. 

88. The amy of claim 87 wherein said substrate is * bucky paper 
surface. 

19, The amy of claim 87 wherein said eubstrate is a metal iayer 
selected from the group consisting of gold, mercury and indium-tin-oxids. 

90. The amy of claim 86 wherein a central portion of nanctubes are of 
the (n,n) type and an outer portion of nanotubes ate of the (m,n) type. 

91. A macroscopic carton fiber comprising at least about 1 C 4 single- 
wall oarbon nanotubes in generally parallel orientation. 

. 92. The Eber of claim 91 comprising at least about 10* single-wall 

carbon nanotubes. 

93. A composite fiber comprising e plurality of the fibers o: claim 91. 



AMENDED SHEET 



92 

94. A molecular template amy for growing continuous length carbon 
fiber compriamg a segment of the fiber of claim 9 1 . 

' os. The fiber of claim 91 having a length ofatleaati millimeter. 
%. The fiber of claim 91 wherein a substantial portion of said 

5 nanoiubes are of the (o,n) type. 

97. The fiber of claim 9t wherein all of said nanoiubes are not of the 

same type. 

98. A. composite article of manufacture comprising a matrix matcriai 
selected from the group consisting of metal* polymers, ceramics and cermets, said 

10 matrix hiving ambedded In a: least s portion thereof s propsr* enhance amount 

of the carbon fibers of claim 91. 

99. The composite article of claim 98 wherein said properTy is 
structural, mechanical electrical, chemical optical or biological. 

100. A high voltage power ttinamission cable wherein at least one 
15 conductor comprises a continuous carbon fiber according to claim 96. 

101. Th* power mmmission cable of claim 100 wherein both a central 
conductor and a coaxially disposed outer conductor are formed from said carbon 
fiber and an insulating layer Is disposed therebetween. 

102. The power trmnemliaion cable of claim 101 wherein said inaulating 

20 layer is an air space. 

103. The power transmission cable of claim 101 wherein said insulating 
layer comprise, a material selected from the group wrisleting of iru^^ 

Gber made from carbon nanotube. of the (ran) type and Insulating BN Qber made 
from hexabonnitride nanoiubes or mixtures thereof. 
25 104. A solar cell for converting broad spectrum light energy into 

electrical currentcornpriiing amoiecular amy according to claim 81 as the photon 
collector. 

105. The solar cell of claim 104 additionally comprising a photoactive 
dye coupled to the upper ends of the nanotubea in said array. 
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\ 0 f a bistable, nonvolatile memory bil compri sing the endchedrally- 
loaded tubular carbon molecule of claim 77. 

107. The memory bit of claim 106 wherein the tubular carbon molecule 
is formed ftom a (1 0. 1 0) type oanotube and the endohedral species is a C or C w 

5 fulletene molecule. 

1 08. A bistable, nonvolatile memory device comprising the memory bit 
of claim 106. means for writing to said bit and means for reading said oh. 

109. The memory device of claim 108 wherein said means for writing 
compriae. a nanocircuit element adapted to direct a voltage pulse of positive or 

10 net ative polarity at said bit to cause said endoneural species to move from a first 
end to a second end of said bit. 

HO. The memory device ofdeim 108 wherein laid means for reading 

said bit comprises 

(a) a firtt nanocircuit element adapted to be blued at a first voltage 
15 (VuJ and ipaced liom i ret* end of said mt w feta a flm gap therebetween; 

(b) eaecoodnaimcwiiitclcmentad 

(VJ and spaced 6om said read end of said bit to form a second g» P . whereby the 
preeenee of said endobedml species is anambiguouily deteimined by the presence 
of current tunneiing acrces said first and second gaps. 
™ in a imenoorous anode for SB electrochemical cell comprising a 

wolwailar array according to claim SI. 

112. A lithium Ion second*? battery comprising the anode ofclatm 111. 
a cathode comprising LiCoOj and an sproric organie electrolyte wherein a ftilleiene 
intercalating compound (PIC) of lithium- forma at the anode under charging 

25 conditions. 

113. An appaattua far waning a continuous macroscopic carbon fiber 
from a macroscopic molecular template array cornpriwg « ieut about 10* single- 
wail carbon nanotubes having, cnttlylic metal deposited on the open ends of said 
nanotubes. said apparatus comprising: 
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(a) means for locally heating only said open ends of said nun tubes in 
said template amy in a growth and annealing zone to a temperature 
ia the range of about S00*C to about 1300*C; 

(b) means for supplying a carbon-containing feedstock gas to the 
5 growth wd annealing zone immediately adjacent said hen»d open 

endi of laid nanotubei in said template array; and 

(c) meant tor continuously removing growing carbon fiber from said 
growth and annealing zone while maintaining die growing open end 
of said fiber in said growth and annealing zona. 

10 Ha. The apparatus of claim 11 3 wherein said means for locally heat mg 

comprises a laser- 
Hi. The apparatus of claim 113 enclosed in a growth chamber 
maintained at a vacuum by evacuation means. 

116. The eppmtus of claim 1 1 5 father comprising a vacuum fend lock 
i 5 zone through which said continuously produced carbon fiber is passed and a take- 
up roll at atmospheric pressure. 

117. A composite material comprising: 
(a) a matrix; and 

fb) api^wgfiingie.wiU^ 

20 matrix. 

118. The composite material of claim 117, wherein said matrix 
comprises a polymer. 

119. The composite material of claim 118. wherein said polymer 

comprises a thermosetting polymer. 
25 120. The composite materia) of claim 119, wherein said thermosetting 

polymer is selected from the group consisting of phthalic/maelic type polyesters, 
vinyl esters, epoxiee. pheoollos. oyanates, bismaleimides, and nadic end-capped 
polyifflides. 

121. The composite material of claim 118. wherein said polymer 
30 comprises a thermoplastic polymer- 
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1 22. The composite material of claim 1 2 1 , wherein sa>d thermoplastic 
polymer vi elected from the group consisting of polytulfooc,. polyamides. 
polycarbonates, polygene oxides, polyaulfU*, polyethet ether ketone, 
polyethtf sul/ones, polyimide-linides, polyetherimid* polylmide*. poijw^ 

3 and liquid crystalline polyesters. 

123. The conipcaito material of claim 117, wherein Mid mamx 

comprises a metal. 

12 4. Th» compoaite materiel of claim U7, wherein said matrix 

comprises a cenmie. 

10 125. The compoaite miterial of claim U 7, wherein said" maarix 

conmrisee a cermet. 

materiel comprises tubular carbon nenotube moleculee. 

127. The eompeatte material of claim 1 17. wherein said carbon nanotobe 
j 5 material comprises ropes of op » about iO'SWNTs. 

121. The eompoeite material of cleiffl 1 17. wherein eetd carbon nanctube 
miterial comprises fibers of greater man 10* SWNTi. 

129. The composite material of claim 126, 127, or 128, further 
comprising en additional fibrous material 
20 130. Ttecwpoaitematerim of claim 126, 127. or 128. wherein said 

carbon nanotube melon's] is modified to interact with ssid mawx material. 

131. A method for producing a composite material containing carbon 
nenotube material comprising: 

(a) preparicg a matrix rasteriaJ precursor, 
25 (b) combining single-well carbon nanotubes with ssid matrix material 

precursor, and 

(e) forming said composite material. 

1)2. Theniemodcfclaiml31.wharwnsaidcar^ 
is combined with said matrix material precursor before said step of forming. 
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1 33. The method of claim 13 1, wherein aaid carbon nanotube materiel 
is combined with' said matrix material precursor during said step of formin C . 

1 34. The method of claim 131, wherein said carbon nanotube materiel 
is combined with laid matrix material precursor immediately after istd step of 

S forming. 

135. The method of ctaim 131, wherein seid mamx material precursor 
i« caused to flow around a pre-formed arrangement of said carbon nanotube 
material. 

1 36. A method of producing a composite material containing carbon 

10 nanotube material comprising: 

(a) preparing an assembly of a fibrous material; 

(b) adding single-wall carbon nanotubes to said fibrous material; and 

(c) adding t matrix material precursor to said carbon nanotubei and 
said fibrous maiarial. 

IS 137. The method of claim 136. wherein said fibrous materials are 

arranged in a two*dirneneional sheet, and some portion of said carbon nanotubes 

arc oriented in a direction other than parallel to said aheet 

138. The method of elaim 13 1 of 136 wherein said sarboo nanotubes 

comprise tubular carbon nanotube molecules. 
20 139. The method of claim 1 3 1 or 1 36, wherein said carbon nanotubes 

comprise ropes of up to about 10 3 SWNTs. 

140. The method of claim 131 or 136. wherein said carbon nanotubes 

comprise fibers of greater than 10* SWNTs. 

141. a three-dimensional structure thet self-assembles from derivatized 
25 jingle-wall cexben luuwwbe molecules comprising: 

s plurality of multifunctional single-wall carbon nanotubei assembled into 
said three-dimensional structure. 

142. The thjee<iirnanaional structure of claim 141. wherein said single- 
wail carbon nanotubes have multifunctional derivatives on their end caps. 
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143. The three-dimensional structure of claim 141 , wherein aid ungle- 
wail carbon nanombea have multifunctional derivatives at multiple locations on 
*aid single-wall carbon nenotubea. 

144. . The ttwe^imeniionnl structure of elaim 141. wherem said single- 
5 wall carbon nanctubes ere immbled u a result of van dex Waais attractions. 

145. a three-oUmensionel structure ef claim 141, *hich baa 
electromagnetic properties. 

146. The three-dinwaaiooal structure of claim 145, wherein said 
electromagnetic properties are determined by a functionally-specific agent. 

10 147. A thrce-dimenaional ttructure of claim 141, which is symmetrical. 

14*. A three-dimensional structure of claim 141. which (s not 
symmetrical. 

1 49. A three-dimensional iteuoture of claim 141, which has biological 
properties. 

15 1 50. A three-dimensional structure of claim 149, which operates ts a 

catalyst far biochemical reactions. 

151. A three-dimensional structure of claim 149, which interacts with 

living tissue. 

152. A three-dimensional structure of cltim 149, which serves as an 
20 agent for interaction with functions of a biological system. 

1 53. A light harvesting antenna comprising: 

at leant one single-wail carbon nanotube conductive element, aaid at least 
one nanotubo having a length' selected relative to a desired current level and a 

desired voltage level. 
25 154. Tnoligmharveetingantennnofo^ 

tingle-will carbon nanotubc forms a Sehottky barrier. 

153. An array of light harvesting antennas of claim 153. 

156. The army of light harvesting antennae of cieim 1 55, wherein said 
array is formed by self-assembly. 
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1 57. a molecular electronic component comprising at least one single- 
wall carbon nanotube. 

158. The molecular electronic component of elaim 1 57, wherein »aid 
molecular electronic component ia a bridge circuit for providing full wave 

5 rectification, aaid bridge circuit comprising: 

four jingle-wall carbon oanotubes, each of said four single-wall 
carbon nanotubus forming one edge of a square and linked to two of four 
buck/balls, each of aaid four buckyballs located at a corner of laid squnre. 

159. The bridge circuit of claim 1 58. wherein said buckyballs and smgle- 
10 wail carbon nanotubea are derivitiied to Ineludo ftmcdonally -specific linking 

agents. 

160. A molecular electronic component of claim 157, which is a 
ftillerene diode. 

161. A nanoscala manipulator comprising at least one imgle»wnll cirbon 
15 nanotube. 

162. The nanoscala manipulator of claim 161, which is nanoforcepts. 
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